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PARALLEL ARRAY PROCESSOR
INTERCONNECTIONS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of application Ser. No.
08/194,653, filed Feb. 9, 1994, now abandoned, which in
turn 1s a division of application Ser. No. 07/864,112, filed
Apr. 6, 1992, now abandoned, which in turn is a continua-
tion-in-part of application Ser. No. 07/526,866, filed May
22, 1990, now issued U.S. Pat. No. 5,065,339, and its
divisions filed Aug. 5, 1991: Ser. No. 07/740,355, now
1ssued U.S. Pat. No. 5,146,543; Ser. No. 07/740,556, now
issued U.S. Pat. No. 5,146,420; Ser. No. 07/740,568, now
abandoned; and Ser. No. 07/740,266, now issued U.S. Pat.
No. 5,148,515; and the continuation-in-part of the fore-
named U.S. Ser. No. 07/526,866, application Ser. No.
07/682,786, filed Apr. 8, 1991, now abandoned.

FIELD OF THE INVENTION

The invention relates to computers and particularly to
parallel array processors.

The descriptions set forth in these above applications are
hereby incorporated into the present application.

GLOSSARY OF TERMS
ALU
ALU 1s the arithmetic logic unit portion of a processor.
Array

Array refers to an arrangement of elements in one or more
dimensions. Array processors are computers which have
many functional units or PEs arranged and interconnected to
process 1n an array. Massively parallel machines use array
processors for parallel processing of data arrays by array
processing elements or array elements. An array can include
an ordered set of data items (array element) which in
languages like Fortran are identified by a single name, and
in other languages such a name of an ordered set of data
items refers to an ordered collection or set of data elements,
all of which have identical attributes. An program array has
dimensions specified, generally by a number or dimension
attnibute. The declarator of the array may also specify the
size of cach dimension of the array in some languages. In
some languages, an array is an arrangement of elements in
a table. In a hardware sense, an array is a collection of
structures (functional elements) which are generally identi-
cal in a massively parallel architecture. Array elements in
data paralle] computing are elements which can be assigned
operations, and when parallel can each independently and in
parallel executc the operations required. Generally arrays
may be thought of as grids of processing elements. Sections
of the array may be assigned sectional data, so that sectional
data can be moved around in a regular grid pattern. How-
ever, data can be indexed or assigned to an arbitrary location
in an array.

Functional unit

A functional unit i1s an entity of hardware, software, or
both, capable of accomplishing a purpose.
MIMD

A processor array architecture wherein each processor in
the array has 1t own instruction stream, thus Multiple
Instruction stream, to execute Multiple Data streams located
one per Processing element.
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Module

A module 1s a program unit that 1s discrete and identifi-
able, or a functional unit of hardware designed for use with
other components.

PE

PE 1s used for processing element. We use the term PE to
refer to a single processor, which has interconnected allo-
cated memory and /O capable system element or unit that
forms one of our parallel array processing elements. As the
result of wiring, in our sysiem, symmetric replicatable
clements, are wired together for sharing interconnection
paths.
SIMD

A processor array architecture wherein all processors in
the array are commanded from a Single Instruction stream,
to execute Multiple Data streams Jocated one per processing
clement.

REFERENCES USED IN THE DISCUSSION OF
THE INVENTION

During the detailed description which follows the follow-
ing works will be referenced as an aid for the reader. These
additional references are:

1. R. J. Gove, W. Lee, Y. Kim, and T. Alexander, “Image
Computing Requirements for the 1990s: from Multimedia
to Medicine,” Proceedings of the SPIE Vol. 1444—Image
Capture, Formatting, and Display, pp. 318-333, 1991.

2. R. Cypher and J. L. C. Sanz, “SIMD Architectures and
Algorithms for Image Processing and Computer Vision,”
IEEE Transactions on Acoustics, Speech, and Signal
Processing, Vol. 37, No. 12, pp. 2158-2174, December
1989.

3. K. E. Batcher, “Design of a Massively Parallel Processor,”
IEEE Trans-actions on Computers Yol. C-29, No. 9, pp.
836840, September 1980.

4. L. Uhr, Multi-Computer Architectures for Artificial Intel-
ligence. New York, N.Y.. John Wiley & Sons, chap.8,
p.97, 1987.

5. 5.-Y. Lee and J. K. Aggarwal, “Parallel 2-D Convolution
on a Mesh Connected Array Processor,” IEEE Transac-
tions on Pattern Analysis and Machine Intelligence, Vol.
PAMI-9, No, 4, pp. 590-594, July 1987.

6. E. B. Eichelberger and T. W. Williams, “A Logic Design
Structure for Testability,” Proc. 14th Design Automation
Conference, IEEE, 1977.

7. D. M. Young and D. R. Kincaid, “A Tutorial on Finite
Difference Methods and Ordering of Mesh Points,” Pro-

ceedings of the Fall Joint Computer Conference,
pp.356-559, Dallas, Tex: IEEE Press, November 1986.

8. E. Kreyszig, Advanced Engineering Mathematics. New.
York, N.Y.: John Wiley & Sons, chap. 9.7, pp.510-512,
1968. -

9. U.S. Ser. No. 07/799,602, filed Nov. 27, 1991, by H.
Olnowich, entitled: “Multi-Media Serial Line Switching
Adapter for Parallel Networks and Heterogenous and
Homologous Computer Systems”, systems which allow
dynamic switching between MIMD, SIMD, and SISD.

10. U.S. Ser. No. 07/798,788, filed Nov. 27, 1991, by P. M.
Kogge, entitled: “Dynamic Multi-mode Parallel Proces-
sor Array Architecture” now U.S. Pat. No. 5,473,856.

These additional references are incorporated by reference.

BACKGROUND OF THE INVENTION

As background for our invention The processing of visual
information can be considered to consist of three different
processing domains: image processing, pattern recognition,
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and computer graphics. The merger of image processing,
pattern recognition and computer graphics is referred to as
image workstations of the tuture. “Multimedia refers to a
technigue that presents information in more than one way,
such as via images, graphics, video, audio, and text, 1in order
to enhance the comprehensibility of the information and to
improve human-computer interaction” (See. Additional Ret-
erence 1). "

In the never ending quest for faster computers, engineers
arc linking hundreds, and even thousands of low cost
microprocessors together in parallel to create super super-
computers that divide in order to conquer complex problems
that stump today’s machines. Such machines are called
massively parallel. Multiple computers operating in parallel
have existed for decades.

Early parallel machines included the ILLIAC which was
started in the 1960s. Other multiple processors include (see
a partial summary in U.S. Pat. No. 4,975,834 1ssued Dec. 4,
1990 to Xu et al) the Cedar, Sigma-1, the Butterfly and the
Monarch, the Intel ipsc, The Connection Machines, the
Caltech COSMIC, the N Cube, IBM’s RP3, IBM’s GFI11,
the NYU Ultra Computer, the Intel Delta and ‘Touchstone.

[.argse multiple processors beginning with ILLIAC have
been considered supercomputers. Supercomputers with
greatest commercial success have been based upon multiple
vector processors, represented by the Cray Research Y-MP
systems, the IBM 3090, and other manufacturer’s machines
including those of Amdahl, Hitachi, Fujitsu, and NEC.

Massively Parallel Processors (MPPs) are now thought of
as capable of becoming supercomputers. These computer
systems aggregate a large number of microprocessors with
an interconnection network and program them to operate 1n
parallel. There have been two modes of operation of these
computers. Some of these machines have been MIMD mode
machines. Some of these machines have been SIMD mode
machines. Perhaps the most commercially acclaimed of
these machines has been the Connection Machines series 1
and 2 of Thinking Machines, inc. These have been essen-
tially SIMD machines. Many of the massively parallel
machines have used microprocessors interconnected in par-
allel to obtain their concurrency or parallel operations capa-
bility. Intel microprocessors like 18600 have been used by
Intel and others. N Cube has made such machines with Intel
’386 microprocessors. Other machines have been built with
what 1s called the “transputer” chip. Inmos Transputer IMS
T800 is an example. The Inmos Transputer T800 1s a 32 bit
device with an integral high speed floating point processor.

As an example of the kind of systems that are built,
several Inmos Transputer T300 chips each would have 32
communication link inputs and 32 link outputs. Each chip
would have a single processor, a small amount of memory,
and communication links to the local memory and to an
external interface. In addition, in order to build up the
system communication link adaptors like IMS COI11 and
C012 would be connected. In addition switches, like a IMS
C004 would be provided to provide, say, a crossbar switch
between the 32 link inputs and 32 link outputs to provide
point to point connection between additional transputer
chips. In addition, there will be special circuitry and inter-
face chips for transputers adapting them to be used for a
special purpose tailored to the requirements of a specific
device, a graphics or disk controller. The Inmos IMS M212
is a 16 bit process, with on chip memory and communication
links. It contains hardware and logic to control disk drives
and can be used as a programmable disk controller or as a
general purpose interface. In order to use the concurrency
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(parallel operations) Inmos developed a special language,
Occam, for the transputer. Programmers have to describe the
network of transputers directly in an Occam program.

Some of these massively parallel machines usc paraliel
processor arrays of processor chips which-are intercon-
nected with different topologies. The transputer provides a
crossbar network with the addition of IMS C004 chips.
Some other systems use a hypercube connection. Others use
a bus or mesh to connect the microprocessors and there
associated circuitry. Some have been interconnected by
circuit switch processors that use switches as processor
addressable networks. Generally, as with the 14 RISC/6000s
which were interconected last [all at Lawarence Livermore
by wiring the machines together, the processor addressable
networks have been considered as coarse-grained multipro-
CESSOrs.

Some very large machines arc being built by Intel and
nCube and others to attack what are called “grand chal-
lenges” 1in data processing. However, these computers are
very expensive. Recent projected costs are in the order of
$30,000,000.00 to $75,000,000.00 (Tera Computer) for
computers whose development has been funded by the U.S.
Government to attack the “grand challenges™. These “grand
challenges™ would include such problems as climate mod-
eling, fluid turbulence, pollution dispersion, mapping of the
human genome and ocean circulation, quantum chromody-
namics, semiconductor and supercomputer modeling, coms-
bustion systems, vision and cognition.

(1]

PROBLEMS ADDESSED BY OUR ORACL.
MACHINE

It 1s a problem for massively parallel array processors to
attack adequately the 1mage computing problems which
exist. One particular algorithm used in 1mage processing 1s
convolution, which replaces each image pixel value with a
weighted sum of the pixels in a defined surrounding area or
window of pixels. A MXxM square convolution window
consists of a set of MxXM weights, each corresponding to the
associated pixels located in the window (Additional Refer-
ence 2). For an N by N array of pixels, the convolution
algorithm requires M*N* multiplication operations. Assum-
ing an N of 1024 and a M of 3 a single image tframc
convolution would take 9 million multiplications and sum of
product calculations per convolution and if the processing is
on video data occurring at a rate of 30 frames per second
then 270 million multiplications sum of product calculations
per second would be required. For a uniprocessor to process
this data, where each convolution window weight value
must be fetched separately, with the multiply and add treated
as separate operations, and followed by a write of the
weighted average pixel result, the convolution would consist
of 27 separate operations per pixel (9 reads, 9 multiplies, ©
adds, and 1 write) resulting in 27 million X 30 operations per
second or 810 million operations per second (Additional
Reference 1). Due to the high computational load, special
purpose processors have been proposed o off load the tmage
processing task from the system processor and to provide the
adequate through put required for image computing. One of
these special purpose processors 1S the nearest neighbor
mesh connected computer (See Additional References 2, 3,
and 4 -pp. 97) where multiple Processor Elements (PEs) are
connected to their north, south, east west neighbor Pks and
all PEs are operated in a synchronous Single Instruction
Multiple Data (SIMD) fashion. It 1s assumed that a PE can
communicate with any of its neighboring PEs but only one
neighbor PE at a time. For example, each PE can commu-
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nicate to their east neighbor PE, in one communication
cycle. It 1s also assumed that a broadcast mechanism is
present such that data and instructions can be communicated
simultaneously to all PEs in one broadcast communication

period. Bit serial interfaces are typical, as they were present
in the Thinking Machines CM-1 family.

As is thus recognized, what is needed i1s a PE which can
improve image computing, improve speed, and be adaptable
to be replicated as part of a parallel array processor in a
massively parallel environment. There is a need to improve
the system apparatus for use in solving differential equa-
tions. We think a new kind of PE is needed for this problem.
Creation ol a new PE and massively parallel computing
system apparatus built with new thought will improve the
complex processes which need to be handled in the multi-
media 1image computer field, and still be able to process
general purpose applications.

SUMMARY OF THE INVENTION

The improvements which we have made result in a new
machine apparatus. We call the machine which implements
our mvention the Oracle machine and we will describe it
below. Our present invention relates to the apparatus which
enables making a massively parallel computing system. We
present a a new PE and related organizations of computer
systems which can be employed in a parallel array computer
system or massively parallel array processor.

We provide a massively parallel computer system for
multi-media and general purpose applications, including the
use of a fimte difference method of solving differential
equations. Our processor is a triangular processor array
structure. Qur processor array structure has single and dual
processing elements that contain instruction and data storage
units, receive instructions and data, and execute instructions
and a processor interconnection organization and a way to
support data initialization, parallel functions, wrap-around,
and broadcast processor communications.

The computer has preferably N? processing units placed
in the form of an N by N matrix that has been folded along
the diagonal and made up of single processor diagonal units
and dual processor general units that are interconnected by
a nearest neighbor with wrap-around interconnection struc-
ture. In the computer each processing element or PE is a unit
of the matrix. Each processor is identified with a reference
notation to the original N by N matrix prior to folding that
supports the transport of N by N matrix algorithms to
triangular array algorithms.

Prior to folding, each PE has four pods, and there are N*
processing units each possessing North, South, East and
West 1.0 pods for nearest neighbor with wrap-around com-
munications placed in the form of an N by N matrix that has
been folded along the diagonal and allows the sharing of the
North and South I/O pods with the East and West 1/O pods.

For our processor with an N by N matrix the way of
connecting processors is with a process providing a non-
conflicting interprocessor communication’s mechanism. For
example, a mechanism that utilizes a uni-directional com-
munication strategy between processors can be utilized on
the Oracle array processor. The non-conflicting interproces-
SOr communication’s mechanism can be obtained by requir-
ing all processors utilize a uni-directional and same direction
communication strategy.

With our notation each said processing unit is identified
by a two subscript notation PE in reference to the

column. row

original N by N matrix prior to folding. Accordingly the
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computing apparatus will have K(N?) interconnection wires
where K 1s the number of wires between processors, which
for bit-serial interfaces K can be one (Kx1). We support
single processor diagonal units. The apparatus has single
processor diagonal units, identified as PE, ,, including data
storage elements, an execution unit, a broadcast interface for
the communications of instructions and data, a data storage
interface supporting initialization, and a nearest-neighbor
with wrap-around interface, termed the interprocessor inter-
face, and communication’s means.

We have also provided new facilities for computation, and
these are described in the detail below.

These and other improvements are set forth in the fol-
lowing detailed description. For a better understanding of
the invention with advantages and features, reference may
be had to the description and to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a 8%8 mesh for convolution image process-
ing.
FIG. 2 shows a mesh PE internal structure.

F1G. 3, 3A and 3B show an 8%X8 mesh in accordance with
our preferred embodiment. |

FIG. 4 at 4A, 4B, 4C, 4D, 4E, 4F, 4G, 4H, 41, and 4]
shows a symmetric PE “ceil” structure supporting transpo-
sition and convolution.

FIG. 5, SA, 5B, 5B(A) and SB (B) show an 8x8 mesh
redrawn with our preferred PE symbolism.

F1G. 6A and 6B show an 8X8 matrix P on square mesh (A)
and on our preferred structure (B).

FIG. 7A and 7B show an 8x8 matrix transposed matrix P
on square mesh (A) and on our preferred structure (B).

FIG. 8 shows a convolution window.

FIG. 9, 9A, 9B, 9C, and 9D show a generalized mesh for
convolution image processing.

FIG. 10, 10A and 10B show a convolution for pixel
P45—Steps 1 through 4.

FIG. 11, 11A and 11B shows a convolution for pixel
P45—Steps 5 through 8.

FIG. 12 shows a convolution for pixel P45 —Step 9.

FIG. 13A and 13B shows a mesh superimpose over a
region R.

FIG. 14, 14A, 14B, 14C, 14D and 14E show a our
symmetric PE “cell” structure supporting a finite difference
method.

FIG. 15, 15A, 15B and 15C, shows a our finite difference
method Steps 1 through 3.

(Note: For convenience of illustration, FIGURES may be
separated in parts and as a convention we piace the top of the
FIGURE as the first sheet, with subsequent sheets proceed-
ing down and across when viewing the FIGURE, in the
event that multiple sheets are used.)

Our detailed description explains the preferred embodi-
ments of our invention, together with advantages and fea-
tures, by way of example with reference to the above
drawings.

DETAILED DESCRIPTION OF THE
INVENTION

Introduction

Referring now to the Figures, an example mesh computer
1s depicted in FIG. 1. To minimize wiring complexity, bit
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serial interfaces between PEs are assumed. In FIG. 1, the
processing elements are labeled as PE; ; where 1" denotes
the matrix column and *§” denotes the matrix row. Each PE, ;
processing element contains four interface pods labeled
North (N), East (E), South (S), and West (W). With wrap-
around connections, i.e. a torus configuration, each row
contains N interconnection wires and with N rows, there are
N” horizontal interconnection wires. Each column contains
N interconnection wires and with N columns, there are N°
vertical interconnection wires. The total number of wires in
the mesh connected computer with wraparound connections
is 2N*(K), where K is equal to the number of interprocessor
interconnection wires which for bit-serial interfaces K can
be equal to 1.

In accordance with our invention we have preferred to
describe our invention with bit-senial interfaces. We should
here note that it will be possible to have effective parallel
interfaces through other expedients. For instance, the appli-
cation of Howard Olnowich, discloses a way for use of a
protocol to interface bit-serial communication with parallel
communication in a multi-system environment as described
in U.S. Ser. No. 07/799,602, filed Nov. 27, 1991, 1n his
application entitled: “Multi-Media Senial Line Switching
Adapter for Parallel Networks and Heterogenous and
Homologous Computer Systems”. This application 1S incor-
porated by reference.

With appropriate network connections our machine may
be employed with systems which allow dynamic switching
between MIMD, SIMD, and SISD modes, as described in
U.S. Ser. No. 07/798,788, filed Nov. 27, 1991, now U.S. Pat.
No. 5,475,856 by PM. Kogge, in his application entitled:
“Dynamic Multi-mode Parallel Processor Array Architec-
ture”. Our PE can form part of a parallel array processor
composed of many nodes, each node having its PE and
Memory, and ports to communicate externally with other
nodes.

FIG. 2 depicts a typical mesh PE for use in implementing
the image processing convolution algorithm as adapted from
Lee (Additional Reference 5) with a more explicit depiction
of the N, S, E, and W transmutting/receiving ports. The PE
consists of four internal registers, W, P, ., R, ., and R'; .. The
P, ; register holds the 1,j"" pixel value as 1111[1&112(3[1 thmugh
an image initialization path, which could be through LSSD
(See Additional Reference 6) scan paths. The W _, register 1s
loaded with an element of the convolution window through
the broadcast mechanism and results of calculations are
loaded into the R';; register. Results transmitted between
PEs are received 1nt0 the R; ; register. The PEs also contain
a bit-serial multiplier, 1nd1c:aled by the “*” and a bit-serial
adder indicated by the “+’. For communication purposes,
cach PE contains four input/output ports whose transms-
sion/reception direction are conirolled by “Command Con-
trol” logic based upon decoded broadcast commands. The
“Command Control” logic allows only one port to be
transmitting and one port to be receiving at a time. For
example, if port “N” 1s transmitting then port “S™ will be
receiving and if port “W” is transmitting then port “E” will
be receiving. This follows from the restriction of unidirec-
tional transmission of information between PEs.

In the mesh connected computer organization of FIG. 1
and the PE internal structure of FIG. 2, 1t can be notled that
during any transmission of information 1n the structure only
50% of the PE connection wires are utilized. It is desirable
to achieve the same functionality and performance as the
mesh connected computer with hall the connecting wires
since this amounts to a savings of N* wires with correspond-
ing savings in chip real estate. The Oracle computer orga-

10

15

20

23

30

35

40

45

50

35

60

65

&

nization achieves this capability. The first step in the process
of creating the Oracle organization of PEs 1s to fold a mesh
connected computer along the PE,; diagonal elements, 1.e. 1
=1”. For example, folding the 8x8 mesh depicted in FIG. 1
results in the Oracle mesh shown in FIG. 3, where the
symmetric PEs, PE;; and P;,; arc placed together. The
symmetric PEs share transmission and reception ports, sym-
bolically indicated in FIG. 3 where the top PE’s, PE; ; W, S,
N, and E ports are shared with the bottom PE's, PE; ; N, L,
W, and S ports respectively. This sharing of I/O ports in the
symmetric PEs is shown in greater detail in FIG. 4 Oracle
Symmetric PE “Cell” Structure. In FIG. 4A, the internal
symmetric PE “cell” consists of a common W, register for
both internal PEs, two pixel registers labeled P;; and P; ;, a
Selector which allows selection of the matrix P orits
transpose p’, two result registers R';; and R’;,, and two
receiving registers R, and R;,. The PEs also contain a
bit-serial multiplier, indicated by the “*” and a bit-seral
adder indicated by the “4+”. Only four /O pods are utilized
in the symmetric dual PE “cell” as controlled from a single
“Command Control” logic that decodes broadcast com-
mands. The “Command Control” logic controls not only the
direction of the YO pods but also the-setting of the switches
linking the IO pods to the transmitting and receiving
registers. The shared 170 pods are indicated as (top PE
direction pod label )/( bottom PE direction port label) where
PE, ; represents the top PE and P; ; represents the bottom PE.
The choice of top and bottom "PE notation is for ease of

discussion and representation only.

FIGS. 4B through 4E depict the setting of the internal
switches in support of the four transmission modes. In FIG.
4B the “Command Control” has set up the switches and
transmitters/receivers for a transmussion North (N) with
reception from the South (S). Both the top and bottom PEs
transmit North while both are receiving information from
the South. This 1s indicated by following the arrows in FIG.
4B and the notation “N/__" for the top PE, ; transmission and
“_/N” for the bottom PE, ; transnns310n The information

received is indicated by the arrows in FIG. 4B and the
notation “S/__" for the top PE, ; receiving pod and “__/S” for

-

the bottom PE, receiving pod Using this notation for the
four I/O pods in the symmetric PE “cells”, a simplified
symbology can be constructed for the symmetric PEs as
shown in FIG. SA where PE,; ; is the top PE and PE, ; 1s the
bottom PE. Utilization of ths symbology in thc Oraclc
organization results in a simplified diagram FIG. 3B 1ndi-
cating the regularity of the wiring between the cells.

The dual processors internal Switch consists of eight
connection points A, B, C, D, and W, X, Y, and Z, where:

point A is connected to processor P;.’s register R, that
receives data from the mterprocessor interface,
point B is connected to processor P, ;'s register R'; ; that

supplies data to the mnterprocessor mterface

point C is connected to processor P;;’s register R, ; that
supplies data to the interpracessor mtcrface

point D is connected to processor P;;’s register R,
receives data ifrom the interprocessor interface,

point W is connected to receiving/transmitting mecha-
nisms for the transmission and reception of data
between the PE,;’s West and PE; ;’s North neighbor;
PLs,

point X is connected to receiving/transmitting mecha-
nisms for the transmission and rcception of data
between the PE;’s South and PE;/’s East neighbor
PEs,

point Y is connected to recelving/transmitting mecha-
nisms for the transmission and reception of data

. that
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between the PE;’s North and PE;;’s West neighbor
PEs,

point Z is connected to receiving/transmitting mecha-
nisms for the transmission and reception of data
between the PE,;’s East and PE;,’s South neighbor

PEs,

The dual processor switch provides connection/no con-
nection paths between points A, B, C, D and points W, X, Y,
and Z dependent upon the switch state. In the one switch
state connection paths between points A and W, B and Z, C
and X, and D and Y are provided for Transmit East Receive
West. In a second switch state connection paths between
points Aand X, Band Y, C and W, and D and Z are provided
for Transmit North Receive South. In a third switch state
connection paths between points Aand Y, B and X, C and Z,
and D and W are provided for Transmit South Receive North
and 1n a fourth switch state connection paths between points
Aand Z, Band W, C and Y, and D and X are provided for
transmit West Receive East. It should be noted that the
recelving/trasmitting mechanisms consists of four bi-direc-
tional dnver/recetver mechanisms each responsive in one
state to drive signals from the PE to an attached receiving PE
and responsive in another state to receive signals to the PE
from an attached transmitting PE and controls are provided
to ensure that of the four bi-directional driver/receiver
mechanisms only two are simultaneously transmitting data
and two are simultancously receiving data for the four cases
of Transmit East Receive West, Transmit North Receive
South, Transmit South Receive North, and Transmit West
Receive East.

The diagonal PEs, FIG. 4F, share the West/North ports
and the South/East ports requiring only two ports per
diagonal PE “cell”. FIGS. 4G through 4J depict the setting
of the internal switches in support of the four transmission
modes. The diagonal processor internal switch mechanism
consists of four connection points A, B, X, and Y, where
point A 1is connected to the receiving data register R, point
B 1s connected to register R';; , that supplies data to the
interprocessor interface, point X is connected to receiving/
transmitting mechanisms for the transmission and reception
of data between the diagonal PE’s West and North (W/N)
neighbor PEs, and point Y is connected to receiving/trans-
mitting mechanisms for the transmission and reception of
data between the diagonal PE’s South and East (S/E) neigh-
bor PEs. The diagonal switch provides connection/no con-
nection paths between points A, B and points X, Y depen-
dent upon the switch state. In one switch state a connection
path between points A and X and between points B and Y is
provided for two transmission/reception cases, namely
transmission South, through point Y, reception North,
through point X, and transmission East, through point Y,
reception West, through point X. In a second switch state a
connection path between points A and Y and between points
B and X is provided for two transmission/reception cases,
namely transmission North, through point X, reception
South, through point Y, and transmission West, through
point X, reception East, through point Y. It should be noted
that the receiving/trasmitting mechanisms consists of two
bi-directional driver/receiver mechanisms each responsive
in one state to drive signals from the PE to an attached
receiving PE and responsive in another state to receive
signals to the PE from an attached transmitting PE and
controls are provided to ensure that the bi-directional drive/
receiver mechanisms are not both simultaneously driving or
both simultaneously receiving data.

The folding of the square mesh structure along the diago-
nal places the top edge of the square mesh in line with the
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West edge and the East edge of the square mesh in line with
the South edge. The 2N wraparound connections of the
square mesh computer organization Which are between the
North/South edges and the East/West edges of the square
array can be shared in the Oracle mesh organization requir-
ing only N wraparound connections. Counting the Oracle
horizontal interconnection wiring and considering the wrap-
around connections as horizontal wires results in:

Oracle Horizontal & Wrap around Wires =

(1+2+...+N)K:(N (N+2”

)&

Counting the Oracle vertical interconnection wiring results
in:

Oracle Vertical Wires=(1 +2+...+N— 1K= ( N (N_“zl) ) K

The total number of Oracle wires 1s:

Total Number of Oracle Wires =

(N+1) (N-1)
(N 5 + N 5

)K:wm

Where K 1s equal to the number of interprocessor inter-
connection wires which for bit-serial interfaces K can be 1.
The total number of Oracle wires 1s demonstrated to be

exactly one half the number of wires required by the square
mesh organization.

Under the restriction of uni-directional information trans-
fer between PEs, the two computer organizations are next
demonstrated to be functionally equivalent. Four cases must
be reviewed, namely:

1. Transmit North Receive South
2. Transmit South Receive North
3. Transmit East Receive West
4, Transmit West Receive East

It 1s shown that the destination points for information
transmitted between the PEs is the same in Oracle as it is in
the mesh connected organization. For a PE,;

1. Transmit North PE,;—PE;,_;
2. Transmit South PE,—PE;;,

3. Transmit East PE,—PE,, ;.

4. Transmit West PE; —PE, .

Where 1f 1—1=0 or }—1=0 then set i=N or j=N and if i +1>N
or j+1>N then set i=1 or j=1 for the wrap-around connec-
tions.

In Oracle, we will consider first the symmetric dual PE
“cells” where in the top PE “cells” i<j and in the bottom PE
“cells” 1>] since the “1” and *”” values are interchanged. This
first consideration accounts for all PEs except the diagonal
cells which are considered next. For the symmetric dual PE
“cells” and where: if i—1 =0 or j—1 =0 then set i=N or j=N
and 1f 1-+1>N or j+I>N then set 1=1 or j=1 for the wrap-
around connections:

1. Transmit North Receive South:
PE; transmits on the N/W wire to PE;;_,

PE,, receives on the S/E wire from PE,.,

PE;; transmits on the W/N wire to PE;;_,

PE,; receives on the E/S wire from PE,

2. Transmit South Receive North:
PE; transmits on the S/E wire to PE;;,
PE; receives on the N/W wire from PE,;_,
PE,; transmits on the E/S wire to P,

PE;, recetves on the W/N wire from PE,;_,
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3. Transmit East Receive West:
PE,; transmits on the E/S wire to PE,,
PE,; receives on the W/N wire from PE,_;;

PE;; transmits on the S/E wire to PE, ;
PE;; receives on the N/W wire from PE;_
4. Transmit West Receilve East:
PE;; transmits on the W/N wire to PE;_;
PE receives on the E/S wire from PE,,,;
PE transmits on the N/W wire to PE,.

j—1i
PEﬂ receives on the S/E wire from PE, ;
For the diagonal “cells’” where i=j the following information
ransfers occur:
1. Transmit North Receive South:

PL;; transmits on the W/N wire to PE;._,
PE;. receives on the S/E wire from PE,,
2. Transmll South Receive North:

PE.. transmits on the S/E wire to PE;,

PL.. receives on the W/N wire from PE,._,
3. Transmit East Receive West:

PE,; transmits on the E/S wire to PE,, ;

PE,; receives on the W/N wire from PE, ,;
4. Transrmt West Receive East:

PE,; transmits on the W/N wire to PE,_,;

PE,; receives on the E/S wire from PE, ;;
In all cases no conflicts occur and the correct destination
points remain the same as in the square mesh connected
organization of PEs.

1z

Matrix Transposition

In the transposition of matrix “P”’, the row vectors of the
matrix become the column vectors of the transposition
matrix “P’”. An arbitrary element P, of matrix “P”
becomes element P,  in the transposition matrix “P”’. The
diagonal elements remain the same. In Oracle a matnx “P”
and its transpose can be casily selected since both the
element p_, and its corresponding element p,, are present 1n
the dual elements. A selector at the output of the “p” registers
allows the use of the elements in “P” or in “P*” in specified
operations. For example, a “P”” matrix is shown in FIG. 6A
and as loaded on to Oracle is shown in FIG. 6B.

The transpose of matrix P is P¥ and is shown in FIG. 7A
and as loaded onto Oracle is shown in FIG. 7B:

FIG. 8 represents a convolution window. FIG. 9 illustrates
image processing convolution on a square mesh. For the
image processing task considered in this paper a 2-D con-
volution with a 3x3 convolution window, FIG. 8, will be
assumed. The technique employed on the mesh structure 1s
that proposed by S.-Y. Lee and J. K. Aggarwal. The pro-
cessing element internal structure 18 logically depicted in
FIG. 2, as adapted from Lee with a more explicit depiction
of the N, §, E, W Transmitting/Receiving ports.

Assuming an NXN image is already loaded into the NXN
mesh P,; registers and the R';; registers are set to zero, the
canvolutmn algorithm can bcgm with the broadcast of the
first window element W ,. The following steps are followed
for the P;; convolution path where each step in the path 1s
depicted wuh its corresponding step number in FIG. 9: (It
should be noted that all PEEs calculate the same operations on
their pixel values and received partial summation values.)
1. Broadcast Wy, and PE,_,,, calculates R1=0 + WP, ..,

and transters R1 North.
2. Broadcast W,, and PE,_,

and transfers R2 North.

i—j+

; calculates R2=R1 + W ,P

i—1j
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3. Broadcast W5 and PE;_, ;_; calculates R3=R2 + W ;P
1;—1 and transfers R3 East.

4. Broadcast Wa,; and PE;;_; calculates R4=R3 + W,,P,_
1and transfers R4 East.

5. Broadcast W, and PE;,,; , calculates R5=R4 + W,;P,,
1,—1 and transfers RS South.

6. Broadcast W3, and PE,,,; calculates R6=R5
and transfers R6 South.

7. Broadcast W3, and PE;, . 1 calculates R7=R6 + W3,P,.
1;+1 and transfers R7 West.

8. Broadcast W,, and PE,. , calculates R8=R7 + W,,P
and transfers R8 North.

9. Broadcast W,, and PE;; calculates R9=R8 + W,,P,; and

Stop.
At the end of the nine steps each PE;; contains:

P, R9=W, P, , ...

U._
WIZP.! y+W13Pz 1,j7—1-+

WEBPI_; 1+W33P:+I,}—1+
WPy WP o

Ij"i-

W21PU+1+W22P:}

In a similar manner, the typical convolution operations on
Oracle are depicted in FIGS. 10 through 12 for pixel P,-.
Assuming an NXN image 1s already loaded into the Oracle
P registers and the R'; registers are set to zero, the convo-
luuon algorithm can begm with the broadcast of the first
window element W,,. The following steps arc followed for
the P, convolution path where each step in the path is
depicted with its corresponding step number in FIGS. 10
through 12: (It should be noted that all PEs calculate the
same operations on their pixel values and received partial

summation values.)

1. Broadcast W;, and PE,_, ., calculates R1=0+ W, P, , ;.
and transfers R1 on lhe N/W wire.

2. Broadcast Wy, and PE,_; ; calculates R2=R1 + W ,P
and transfers R2 on the N/W wire.

3. Broadcast W5 and PE,; ;; ; calculates R3=R2 + W,
P; ,; ; and transfers R3 on the E/S wire.

4. Broadcast W,; and PE, ; ; calculates R4=R3 + W,,P
and transfers R4 on the E/S wire.

5. Broadcast W43 and PE,; ; calculates R5=R4 + W3;3P,
i~1 and transfers R5 on the S/E wire.

6. Broadcast W3, and PE,, ; calculates R6=R5 + W;,P,,
and transfers R6 on the S/E wire.

7. Broadcast W3, and PE,,; .., calculates R7=R6 + W;,P,.,
i17+1 and transfers R7 on the WIN wire.

8. Broadcast W,; and PE, ;| calculates R8=R7 + W,,P, .,,
and transfers R8 on the N/W wire.

9. Broadcast W,, and PE; calculates R9=R8+ W,,P . and

stop.
At the end of the nine steps each PE;; contains:

P _RQ“W P: 1.j+1-+

U_

W, P

(=17

£+ 1j+1

i—1 .7

Ij—1

W 12Pi—1 J+W1 BP:—I J—14
W23Pu—1+m3px+1 J—1+
W32Pi+1 J+W31 Pz+1 J+1+
WZIPiJ+1+W22Pg

Which ior pixel P45 1s:

G(P45)=WI11P36+W12P35+-W13P34+-W23 P44+ W33 P54+ W32P55+
W31P56+W21P46+W22P45

FINITE DIFFERENCE METHOD EXAMPLE

Finite difference methods for solving differential equa-
tions are widely used in a number of scientific and engi-
neering ficlds such as physics, mechanical engineering, and
clectrical engineering. In such methods, the derivatives of a
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differential equation are approximated by difference quo-
tients that may be obtained from a truncated Taylor series
(Additional Reference 7).

In the fimte difference method consider a second-order

partial differential equation, equation (1):
g2 0 d 0* g d .
I it 7 i U _
A " + B a}‘ I +C-a:2— +D—9}—" +E—ay—' +Ffu=G

Here A, B, C, D, E, F, and. G are functions of x and y and 10

continuous in a region R with a boundary S. The function
u(x,y) must be continuous in both R and S.

In finite difference methods, a mesh 1s superimposed over
the region R (as shown in FIG. 13.a) and the differential
equation (1)is replaced by a difference equation at each mesh
point. The partial derivatives are replaced by central differ-
ence quotients equations 2a-2d (F1G. 13.b).

S-I; = lulx + hxy) — ulx — heY)/(20) (2a)
_3;_ = luley + hy) —u(cy — hy) |(2hy) (2b)
g?‘; = [u(x + hyy) + ulx = hey) = 2u(x,y)lhe (2¢)
gi_l; = [u(x,y + hy) + u(x,y — hy) — 2u(x,y))/hy? (2d)

Where h, and h,, are the mesh spacing in the x and y axes
respectively, FIG. 13b. Usually, the mesh spacing in both the

horizontal and vertical directions is the same, equation 3:
h=h=h, (3)

Substituting equations (2a) through (24d) in equation (1) with
B=0 and multiplying by —h?, the following equation is
obtained:

ag(x,y)y—au(x-+h,y)—au(x,y +h)—au(x—h,v)—a,ulx,y-h)=t(x,y) (4)

Where:
ar=A(xy) + —%— D(x,y) (5a)
az = C(x,y) + —g—- E(x,y) (3b)
a3 =A(xy) — -%— D(x,y) (5¢)
a1 = C(xy) — = E(u) (5d)
d,=a, + d, + a; + a, — K°F(x,y) (5¢)
((x,y) = -h*G(xy) (50)

If LaPlace’s equation 1s considered:

d2u diu
ox- dy*

Where: A=C=1 and B=D=E=F=G=0

A unique solution may be obtained when the boundary
conditions S in the region R are given. LaPlace’s equation
may be expressed as small difterences. By substitution, the
following equation (7a) 1s obtained:

o (6)

du(x, y)—ulx+h,y)—ulx,y +h)—u{x—h,y)—u(x,y-h)=0 (7a)

Thus the value of u(x,y) can be computed by means of an
iterative method using the formula (7b);

u(x, y)=(u(x-+h, yHulx,y +h)y+ulx—h,y)+ulx,y—h))/4 (7b)
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[.aPlace’s and Poisson’s equations are widely used in many
theoretical and application problems, such as the analysis of
vibrating membranes (Additional Reference 8).

Equation (7b) can be computed on Oracle by mapping
equation (7b) to equation & using the Oracle notation as
presented in the discussion of FIG. 4.

P=(P(~1))+P(-1)+P(jj—1)+P (§1)1/4 (8)

This notation is continued for continuity, though the PE
internal structure, FIG. 4A, 1s modified for the finite diifer-
ence method algorithm, with the modified PE shown in FIG.
14A. The diagonal PEs are also modified from the form

shown in FIG. 4F in a similar manner to the dual PE
structure. The diagonal PEs contain one execution unit and

registers appropriate for a single PE, the structure is inferred
from FIG. 14A. The same transmission/receiving I/O ports
and controls are utilized in the new PE internal structure, but
the computation functions are modified. An adder with an
accumulator/shifter is utilized to provide the summation and
division by 4 operations required by equation 8. The W,
register stores a maximum acceptable error value for use by
the compare logic. After a new P(ij) value is computed it is
compared to the previous P(ij) value and if the difference i1s
greater than the maximum acceptable error in any PE the
calculations must be continued. Since all PEs must have an
error value that is less than the maximum acceptable error,
the controlling system must know the state of the PEs
compare operation. This can be obtained by sending a logic
value from each PE through the mesh structure to the
controlling system for a global analysis. FIG. 14B through
14E presents the switch and I/O port configurations for the
North, South, East, and West transmission modes.

The initial values loaded into the P registers are problem
dependent. The accumulators R';; are initialized to zero and
a maximum acceptable error value is loaded into the W,
register. After initialization the following steps are followed,
refer to FIGS. 15 STEPS 1 through 5 corresponding to the
following listed steps. 1. Step 1: Transmit North the P
values and add the received values to the R'; value. 2. Step
2: Transmit East the P; values and add the received values
to the R';; value. 3. Step 3: Transmit South the Pry values and
add the received values to the R';; value. 4. Step 4: Transmut
West the P,; values and add the received values to the R
value. 5. Step 5: Shift the accumulated value in R'; right 2
positions to accomplish the division by 4 and compare the
shifted accumulated value R';; with the original value P;; to
verify whether the two values are within the maximum
specified error. The result of the compare is transmitted to

the edge of the array where a global determination of
convergence 1S tested for.

If global convergence has not been reached then the above
process is continued until convergence 1s reached globally.

While we have described our preferred embodiments of
our invention, it will be understood that those skilled in the
art, both now and in the future, may make make various
improvements and enhancements which fall within the
scope of the claims which follow. These claims should be
construed to maintain the proper protection for the invention
first disclosed.

What 1s claimed 18s:

1. An interconnection system for a plurality of processing
elements (PEs) each having a plurality of I/O ports for
transmitting and receiving data and instructions, the inter-
connection system comprising:

coupling means for interconnecting the plurality of PEs,
the 6 coupling means including all of the inter-PE
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couplings present 1n a square torus configuration hav-

ing an equal number of PEs as in said plurality of PEs,

the coupling means implementing half the number of
inter-PE couplings required in the torus configuration
by sharing cach non-diagonal PE’s (PE,;) I/O ports with

its associated symmetrical PE (PE,), thereby forming a

symmetric PE including PE;; and PE;;, where 1 and j are

column and row designators, respectively, ol corre-

sponding PEs in the torus configuration, and where 1

and j arc non-equal non-zero positive integers, and

wherein the coupling means further includes means for
fransmitting and receiving data and instructions in one
of four selectable modes:

a) transmit east/receive west mode for transmitting data
to an east PE over a portion of the I/0 ports while
receiving data from a west PE over a remaining
portion of the I/O ports;

b) transmit north/receive south mode for transmitting
data to a north PE over a portion of the I/O ports
while receiving data from a south PE over a remain-
ing portion of the I/O ports;

c) transmit south/receive north mode for transmitting
data to the south PE over a portion of the I/O ports
while receiving data from the north PE over a
remaining portion of the I/O ports; and

d) transmit west/receive east mode for transmitting data
to the west PE over a portion of the I/0 ports while
receiving data [rom the east PE over a remaining
portion of the I/O ports.

2. The interconnection system according to claim 1,
wherein PEs having designations where i is equal to j are
formed 1nto diagonal PEs, the diagonal PEs each comprising
half the number of I/O ports as similarly designated corre-
sponding PEs in the torus configuration, the diagonal PEs’
ports each coupled to twice the number of PEs as ports in
corresponding PEs in the torus configuration.
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3. The interconnection system according to claim 2,
wherein the coupling means includes broadcast means for
simultaneously sending to each of the plurality of PEs
control information and data for loading into registers at
cach PE.

4. The interconnection system according to claim 2Z,
wherein each said I/0 port comprises means for sending and
receiving data and instructions via bit serial transmission.

5. The interconnection system according to claim 2,
wherein each said I/O port comprises means for sending and
recelving data and instructions via N bit wide parallel
transmission, where N 1s a positive integer greater than one.

6. The interconnection system according to claim 1,
wherein the PEs each include means for selectively sending
instructions or data over one of the plurality of I/O ports
while receiving instructions or data over another one of the
I/0 ports, based on a communication command {rom control
logic residing on each of the PEs.

7. The interconnection system according to ciaim 6,
wherein the communication command is received by the
control logic from another PE over said another one of the
1/0 ports.

8. The interconnection system according to claim 6,
wherein the coupling means supports an operation wherein
the PEs are each simultancously sending instructions or data
over one of its plurality of I/O ports while receiving instruc-
tions or data over another one of its I/O ports.

9. The interconnection system according to claim 8,
wherein said simultaneous operation is selectively switched
such that the PEs are each simultaneously sending instruc-
tions or data over said another one of its I/O ports while
receiving instructions or data over said one of its plurality of
I/O ports.
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